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Abstract – We propose a new methodology based on 
modularity clustering of synchronization coefficient, to identify 
coherent groups of generators in the power grid in real-time. 
The method uses real-time integrity indices, i.e., the Generators 
Connectivity Index (GCI) that represents how generators are 
coherently strong within the groups, the Generator Splitting 
Index (GSI) that reveals to what extent the generators in 
different groups tend to swing against the other groups, and the 
System Separation Index (SI) which discloses the overall system 
separation status. We demonstrate how these integrity indices 
can be used to study the dynamic behavior of the power system. 
Furthermore, a comparison analysis is conducted between the 
synchronization coefficient (KS) and the generator rotor angle 
correlation coefficient (CC). The proposed indices demonstrate 
the dynamic behavior of power system following occurrence the 
faults and thus represent a promising approach in power system 
islanding studies. Our methodology is simple, fast, and 
computationally attractive. Simulation case performed on IEEE 
118-bus systems demonstrates the efficacy of our approach. 
 
Index Terms-- Generator coherency, integrity indices, 
modularity clustering, power system islanding, synchronization 
coefficient 
I.   INTRODUCTION 
normous development of energy demand has pushed 
bulk power systems to operate very close to their limits 
and hence made them more vulnerable to disturbances. 
Therefore, it has become crucial to develop effective analysis 
methods to guarantee the stability of the modern power 
systems.  
Coherency analysis has been broadly used in stability 
studies, to lessen the computational effort by aggregating 
coherent generators into a unique equivalent area. In that 
instance of perturbation in multi-machine power systems, 
some of the machines exhibit similar responses to the 
disturbance which means generators that are closely coupled 
in an electrical sense tend to swing together in groups 
throughout disturbances. Specifically, they present same 
dynamic behavior in that their rotor angles and frequencies 
remain very similar throughout the time interval of interest. 
This means the angular difference between any two 
generators is approximately constant over a period. This 
characteristic, if used, can help perform online behavior 
analysis of the coherent groups of generators, which is a 
promising approach to the power system islanding detection 
and can be used as a predictor for system instability. 
Traditionally, the number of coherent groups of generators 
is determined in advance. However, the formation of 
coherent groups of generators depends on the type and 
location of the disturbance. Thus, a power network may have 
the potential for forming different patterns of cohesive 
groups (i.e., one coherent group may detach into smaller 
groups or conversely multiple groups may join to build a 
bigger coherent group) following the occurrence of 
disturbances. Consequently, a pre-designed sequence of 
events for construction of coherent units may lead to an 
inadequate defensive strategy against forced blackouts. 
Moreover, coherency analysis traditionally is carried out 
offline. Nevertheless, with changes in the network 
configuration and system operating point, the groups of 
coherent generators tend to vary with time. Subsequently, 
involving a real-time operation to define the system 
coherency is a more robust method than identifying 
coherency based on offline studies.   
Owing to the importance of identification of coherent areas 
for operation and control studies, numerous approaches have 
been introduced to tackle this challenging problem. In [1], a 
general wide-area coherency detection methodology based on 
Project Pursuit (PP) is proposed, and an index named as the 
projection cumulative contribution rate (PCCR) is presented 
to determine the dominant coherency modes and coherent 
groups under various disturbances. However, how to select 
an appropriate PCCR is still a problem to be further 
investigated.   
In [2], a coherency identification method based on the 
agglomerative hierarchical clustering (HC) and the Wide 
Area Measurement Systems (WAMS) is proposed. However, 
this process could not identify the number of the coherent 
groups of generators correctly, especially when there is only 
one generator in a coherent group. In [3], a comparison 
analyses between the synchronization coefficient KS and the 
generators rotor angle correlation coefficient (CC) is done; 
the results show that using KS is more advantageous than 
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using CC. Also, an online methodology for determining the 
coherent groups of generators, assisted by the modularity 
clustering is introduced. In [4], synchronization coefficient 
among generators, aided by a heuristic, is used to detect 
groups of coherent generators. Later, the strength of 
connection within and between groups is calculated. In [5], a 
coherency identification method based on linearization of 
non-equilibrium points is introduced, so that oscillation 
modes between generators can be obtained using the 
eigenvalues of the coefficient matrix of linearized models. In 
[6], a hierarchical clustering algorithm is used to the rate of 
change of the generator bus voltage phase angles, and the 
rate of the change of the means of the generator bus voltage 
phase angles to identify the coherent groups of generators. In 
[7], WAMS are implemented using Fast Fourier Transform 
(FFT) based spectral techniques. However, this method 
assumes that stationary and linear data is analyzed, an 
assumption not always justified.  
The Partitioning Around Medoids (PAM) algorithm is 
applied to determine the optimal coherent groups that 
minimize the changes by dynamic reduction and is used in 
[8] to compare it with the algorithm proposed K-means in 
[9]. The K-means clustering algorithm is simple to implement 
and is fast and sensitive to changes. However, the K-means 
algorithm has some drawbacks such as selection of initial 
centroids or the number of groups and the number of 
iterations needed to find the clusters [10]. In [11], K-
harmonic means clustering approach for online coherency 
analysis of synchronous generators has been presented. 
However, this method requires a second algorithm to 
determine the number of groups required during the online 
analysis; hence clusters may be merged or split to satisfy this 
threshold. In [13],[14], a new alternative and much more 
justified approach that uses CC as coherency index is 
presented. This tactic identifies coherent groups of generators 
based on the CC between rotor angle/speed oscillations of 
generators. This method is based on the heuristic 
methodology for partitioning the coherent groups in a 
predefined time window.  However, one major drawback 
with heuristics is that we do not know if the result is close to 
optimal or not. Further, most of the aforementioned methods 
are computationally expensive and require upfront 
determination of the coherent groups, which is not always 
justifiable.  
Traditionally, grouping the generators based on the 
calculated indices was done by the heuristics [4], [13-14]; 
however, there is no guarantee that the proposed heuristics 
work well in all situations. To address this problem, 
modularity clustering is introduced as an efficient grouping 
method. With this technique, not only the coherent groups of 
generators are determined online, but also the strength of 
coherency, network integrity, and the overall system 
separation status are analyzed. The method uses real-time 
integrity indices: the GCI index that represents how 
generators are coherently strong within the groups, the GSI 
index that reveals to what extent the generators in different 
groups tend to swing against the other groups, and the SI 
index which discloses the overall system separation status. 
Our methodology is computationally simple, fast, and it 
neither requires a predefined number of desired groups, nor a 
preset calculation time window. The major contributions of 
this work are as follow: 1- new real-time integrity indices in 
power system are proposed based on modularity clustering 
and synchronization coefficient. The introduced indices can 
be used for dynamic instability or uncontrolled islanding 
detection in bulk power networks. 2- A comprehensive 
numerical study is carried out to demonstrate the 
performance of the proposed indices in a large-scale test 
system. 
The rest of this paper is structured as follows. Section II 
introduces a comparison analysis between the KS and the CC.  
Section III introduces the coherency problem and the basic 
concepts of modularity clustering algorithm. In section IV, 
the execution of the proposed method is discussed, and the 
online detection of coherent groups of generators and 
network integrity indices is determined. In section V, the 
proposed method is applied to the IEEE 118-bus test systems 
to demonstrate the validity of the proposed scheme.  
II.   ONLINE GENERATOR COHERENCY DETERMINATION  
Two efficient methods of generator coherency detection, 
namely correlation coefficient among generators rotor angles 
and synchronization coefficient among generators are 
investigated in this section.  
A.   Correlation Characteristics of Generators Rotor Angle 
Since the correlation is a measure of the strength of linear 
association between two variables, coherency among two 
different generators can be measured by the Pearson product-
moment correlation coefficient of their rotor angle 
oscillations in a predefined time window [14]. Equation (1) 
represents the CC between two generators i and j based on 
their rotor angle oscillation in an arbitrary time window with 
n sample points: 
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  is the dataset of the rotor angle 
of the ith generator in the desired time window containing n 
values of rotor angle δi. The CC is ranging from -1 to +1, in 
which -1 stands for the anti-phase rotor angles, whereas +1 
represents the perfectly correlated generators. Sizing of the 
time window in the CC approach is one of its main drawback 
which makes this method less attractive in real-time 
applications. 
B.   Synchronization Coefficient Among Generators 
The KS, introduced in [4], is an appropriate index for 
evaluating generator coherency and generator dependency. 
Equation (2) shows the KS between generator i and j 
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where |Ei'| is the per unit generator voltage behind the 
transient reactance, Bij represents the imaginary part of the 
reduced admittance matrix, and δi is the rotor angle of the ith 
machine. Since the KS is a function of generator voltage, 
admittance, and rotor angle, it does not have the CC 
drawbacks and not only returns the coherency index among 
the pairs of generators at any point in time, it measures the 
coherency among slack generator and other machines. 
Accordingly, in this paper, generator coherency identification 
is carried out using KS in the real-time studies. After 
computing the KS among all synchronous generators in the 
system at any point in time, there is a need to partition the 
generators into the coherent groups of generators. To address 
this problem, modularity clustering is introduced as an 
efficient grouping method in the next section. 
III.   MODULARITY CLUSTERING ALGORITHM 
To identify generators coherency, it is necessary to find 
strongly connected groups of generators, since the units that 
are strongly coupled tend to maintain synchronism. Online 
coherency detection based on modularity clustering algorithm 
will be used to achieve this purpose; it neither requires a 
predefined number of groups nor requires defining a 
threshold value. The objective of this method is to separate 
the network into groups of vertices that have weak 
connections between them and use the modularity clustering 
algorithm to measure the strength of division of the network. 
In this paper, the methodology proposed in [15], which has 
the O(nlog2n) complexity, is used. 
IV.   ONLINE DETECTION OF COHERENT GROUPS OF 
GENERATORS AND NETWORK INTEGRITY INDICES   
The first step in evaluating generator coherency of a 
power network at any point in time is to calculate the KS 
among all the generators and form the Synchronization 
Coefficient Matrix (KS Matrix). Then, N groups of coherent 
generators can be achieved by applying modularity clustering 
on the KS Matrix. The power network integrity indices can be 
obtained by performing further analysis on the clustered KS 
Matrix; the NN  matrix of coherent groups (KSGM), which 
shows the overall coherency of the system, can then be 
extracted from the KS Matrix. The diagonal elements of the 
KSGM are the weighted average in each group in the KS 
Matrix, and the off-diagonal elements are the mutual 
weighted average between different groups of generators. 
The GCI is defined as the average of KSGM off-diagonal 
while GSI is the average of diagonal of KSGM. GCI 
represents how generators are coherently strong within the 
groups, while GSI shows to what extent the generators in 
different groups tend to swing against the other groups. The 
SI is also defined as GCI divided by GSI, which represents 
the overall system separation status. 
V.   SIMULATION STUDIES 
The IEEE 118-bus system [16] is employed to demonstrate 
the performance of the proposed approaches. To compare the 
performance of two methods, the associated CC and KS 
matrices are calculated at a specific time. Moreover, the 
proposed system evaluation indices are calculated, and their 
trend during the simulation studies will be explored. The 
IEEE 118-bus system with the load level of the 3668 MW, 
modeled in DIgSILENT PowerFactory, is shown in Fig. 1 
[17]. Table I lists the events that occur in the test bed system 
during the simulation time of 30 sec. 
TABLE I.  EVENTS OCCURRED IN THE IEEE 118-BUS SYSTEM  
Time 
(sec) Description 
0.01 Load Event – Increasing the system load level by 1.5 times 
3.00 Short circuit on lines 68-81, 30-38 , 45-49 , 46-47 , 46-48, 47-49 
3.20 Switch event on lines 68-81, 30-38 , 45-49 , 46-47 , 46-48, 47-49 
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Figure 1.  IEEE 118-bus system. The crosses show the events  
Fig. 2 shows the generator rotor angle oscillation during 
the simulation study and in a specific time window between 
5.95.5  t sec. Obviously, the rotor angle oscillations are 
damped, and all of the machines remain in synchronism 
while groups of generators became stronger following the 
events. As can be seen in Fig. 2(a) the power system remains 
stable following occurrence the disturbances, and hence the 
grid integrity indices GCI, GSI, and SI reach their steady 
points after 23t sec. Calculating the CC and KS for all 
pairs of generators result in the KS Matrix and CC Matrix 
shown in Fig.7 and Fig.8 respectively. Applying Modularity 
Clustering on the KS Matrix shown in Fig. 7, results in four 
separate coherent groups of generators: 1: 
{G14,G15,G16,G17,G18, G19}, 2: {G1,G2,G3,G4,G5}, 3: 
{G6,G7,G11,G12,G13} , 4: {G8,G9,G10}, and On the other 
hand, the resulted groups of the CC Matrix are only two 
groups as depicted in Fig. 8. 
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(b) 
Figure 2.   (a) Rotor angles oscillation during study period, (b) Rotor angle 
oscillation during the specific time window 
 
Group1 Group2 Group3 Group4 
Group1 4.371 0.008 0.388 0.000 
Group2 0.008 6.124 0.202 0.000 
Group3 0.388 0.202 8.521 3.133 
Group4 0.000 0.000 3.133 14.105 
Figure 3.  KSGM corresponded to KS Matrix at t = 7.25 sec 
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Figure 4.  Group Connectivity Index during study period 
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Figure 5.  Group Separation Index during study period 
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Figure 6.  Separation Index during study period 
 
G1 G2 G3 G4 G5 G6 G7 G11 G12 G13 G8 G9 G10 G14 G15 G16 G17 G18 G19 
G1 7.67 0.32 2.57 0.88 0.00 0.07 0.16 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G2 7.67 1.01 3.49 3.55 0.20 0.56 1.34 0.00 0.09 0.00 0.00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 
G3 0.32 1.01 34.24 6.08 0.00 0.08 0.20 0.00 0.79 0.00 0.00 0.00 0.13 0.00 0.01 0.00 0.00 0.00 
G4 2.57 3.49 34.24 1.42 0.00 0.10 0.26 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G5 0.88 3.55 6.08 1.42 0.07 0.23 0.57 0.00 0.30 0.00 0.00 0.00 0.06 0.00 0.00 0.00 0.00 0.00 
G6 0.00 0.20 0.00 0.00 0.07 0.29 0.63 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G7 0.07 0.56 0.08 0.10 0.23 0.29 1.65 26.82 3.64 15.37 0.67 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G11 0.16 1.34 0.20 0.26 0.57 0.63 1.65 30.55 21.63 0.00 8.28 15.03 0.00 0.00 0.00 0.00 0.00 0.00 
G12 0.00 0.00 0.00 0.00 0.00 0.00 26.82 30.55 0.00 0.00 0.27 7.37 0.00 0.00 0.00 0.00 0.00 0.00 
G13 0.01 0.09 0.79 0.02 0.30 0.00 3.64 21.63 0.00 0.00 0.00 0.00 10.56 0.08 0.57 0.40 0.00 0.00 
G8 0.00 0.00 0.00 0.00 0.00 0.00 15.37 0.00 0.00 0.00 18.64 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
G9 0.00 0.00 0.00 0.00 0.00 0.00 0.67 8.28 0.27 0.00 18.64 23.68 0.00 0.00 0.00 0.00 0.00 0.00 
G10 0.00 0.00 0.00 0.00 0.00 0.00 0.00 15.03 7.37 0.00 0.00 23.68 0.00 0.00 0.00 0.00 0.00 0.00 
G14 0.00 0.02 0.13 0.00 0.06 0.00 0.00 0.00 0.00 10.56 0.00 0.00 0.00 0.42 3.86 13.89 0.00 0.00 
G15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.08 0.00 0.00 0.00 0.42 1.56 0.14 0.00 0.00 
G16 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.57 0.00 0.00 0.00 3.86 1.56 10.32 0.00 0.00 
G17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.40 0.00 0.00 0.00 13.89 0.14 10.32 29.74 0.95 
G18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 29.74 4.67 
G19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.95 4.67 
Figure 7.  KS Matrix in t = 7.25 sec 
 
 
G1 G2 G3 G4 G5 G6 G7 G11 G12 G8 G9 G10 G14 G15 G16 G17 G18 G19 
G1  0.99 0.93 0.94 0.97 0.98 0.99 0.96 0.95 0.98 0.99 0.98 0.00 0.00 0.00 0.00 0.00 0.00 
G2 0.99  0.96 0.96 0.98 0.99 0.96 0.93 0.92 0.96 0.97 0.96 0.00 0.00 0.00 0.00 0.00 0.00 
G3 0.93 0.96  0.99 0.95 0.99 0.88 0.84 0.83 0.89 0.89 0.88 0.00 0.00 0.00 0.00 0.00 0.00 
G4 0.94 0.96 0.99  0.96 0.99 0.90 0.87 0.86 0.92 0.91 0.91 0.00 0.00 0.00 0.00 0.00 0.00 
G5 0.97 0.98 0.95 0.96  0.98 0.97 0.96 0.96 0.98 0.97 0.97 0.00 0.00 0.00 0.00 0.00 0.00 
G6 0.98 0.99 0.99 0.99 0.98  0.94 0.91 0.90 0.95 0.95 0.95 0.00 0.00 0.00 0.00 0.00 0.00 
G7 0.99 0.96 0.88 0.90 0.97 0.94  0.99 0.99 1.00 1.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 
G11 0.96 0.93 0.84 0.87 0.96 0.91 0.99  1.00 0.99 0.99 0.99 0.00 0.00 0.00 0.00 0.00 0.00 
G12 0.95 0.92 0.83 0.86 0.96 0.90 0.99 1.00  0.99 0.98 0.99 0.00 0.00 0.00 0.00 0.00 0.00 
G8 0.98 0.96 0.89 0.92 0.98 0.95 1.00 0.99 0.99  0.99 1.00 0.00 0.00 0.00 0.00 0.00 0.00 
G9 0.99 0.97 0.89 0.91 0.97 0.95 1.00 0.99 0.98 0.99  1.00 0.00 0.00 0.00 0.00 0.00 0.00 
G10 0.98 0.96 0.88 0.91 0.97 0.95 1.00 0.99 0.99 1.00 1.00  0.00 0.00 0.00 0.00 0.00 0.00 
G14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00  0.99 0.94 0.96 1.00 0.99 
G15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99  0.92 0.96 0.99 0.98 
G16 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.94 0.92  0.99 0.97 0.98 
G17 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.96 0.96 0.99  0.98 0.99 
G18 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.99 0.97 0.98  1.00 
G19 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.99 0.98 0.98 0.99 1.00  
Figure 8.  CC Matrix in t = 7.25 sec, with n =100 
 
  This fact can be traced in the KSGM associated to KS 
Matrix demonstrated in Fig. 3, in which the coherency 
between the groups 3 and 4 is large when compared with the 
coherency between group 1 and groups 2, 3 and 4. It means 
one can consider groups 3 and 4 (and 2) as one group if the 
resolution of the grouping is not fine enough. Fig. 2(b) can 
prove the accuracy of the KS Matrix grouping results. The 
trend of online integrity indices shown in Fig. 4, Fig. 5, and 
Fig. 6 clearly shows the dynamical behavior of groups of 
generators. Since the faults are not damaging in our case 
study, the indices, which can be used to predict system power 
system islanding, will reach to the steady point after some 
oscillations.  
VI.   CONCLUSION 
A comparative investigation between the synchronizing 
coefficient matrix (KS) and the generator rotor angle 
correlation coefficients (CC) was accomplished in this paper. 
The results show that using KS is more advantageous than 
using CC in the real-time identification of coherent groups. 
In addition, an online methodology for determining the 
coherent groups of generators assisted by the modularity 
clustering was introduced. This approach not only 
accomplishes real-time coherency detection without a 
predefined number of coherent groups or specifying a time-
window for study, but also provides the online indices for 
tracking the dynamic behavior of the modern power system. 
The proposed indices can also be used in predicting of 
uncontrolled islanding. 
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